The hantavirus G1 protein contains a long C-terminal cytoplasmic tail of 142 residues. Hantavirus pulmonary syndrome-associated hantaviruses contain conserved tyrosine residues near the C terminus of G1 which form an immunoreceptor tyrosine activation motif (ITAM) and interact with Src and Syk family kinases. During studies of the G1 ITAM we observed that fusion proteins containing the G1 cytoplasmic tail were poorly expressed. Expression of G1 cytoplasmic tail constructs were dramatically enhanced by treating cells with the proteasome inhibitor ALLN, suggesting that the protein is ubiquitinated and degraded via the 26S proteasome. By using a 6-His-tagged ubiquitin, we demonstrated that the G1 cytoplasmic tail is polyubiquitinated and degraded in the absence of proteasome inhibitors. Expression of only the ITAM-containing domain also directed protein ubiquitination and degradation in the absence of upstream residues. Deleting the C-terminal 51 residues of G1, including the ITAM, stabilized G1 and blocked polyubiquitination and degradation of the protein. Site-directed mutagenesis of both ITAM tyrosines (Y619 and Y632) to phenylalanine also blocked polyubiquitination of G1 proteins and dramatically enhanced G1 protein stability. In contrast, the presence of Y627, which is not part of the ITAM motif, had no effect on G1 stability. Mutagenesis of just Y619 enhanced G1 stability, inhibited G1 ubiquitination, and increased the half-life of G1 by threefold. Mutating only Y632 had less of an effect on G1 protein stability, although Y619 and Y632 synergistically contributed to G1 instability. These findings suggest that Y619, which is conserved in all hantaviruses, is the primary signal for directing G1 ubiquitination and degradation. Collectively these findings indicate that specific conserved tyrosines within the G1 cytoplasmic tail direct the polyubiquitination and degradation of expressed G1 proteins and provide a potential means for down-regulating hantavirus G1 surface glycoproteins and cellular proteins that interact with G1.
Hantaviruses infect human endothelial and immune cells, causing two human diseases, hemorrhagic fever with renal syndrome (HFRS) and hantavirus pulmonary syndrome (HPS) (7, 24, 33, 65) . Hantaviruses cause severe morbidity with longterm recovery periods, and a 45% mortality rate is associated with HPS-causing hantaviruses. Hantaviruses do not lyse human endothelial cells, and there is little recruitment of immune cells to the endothelium of infected patients (24, 33, 54, 61, 65) . In contrast to human infection, hantaviruses persistently infect their small mammal hosts with no apparent deleterious effects (50) . There is little understanding of how hantaviruses establish persistence in their hosts, cause disease in humans, or regulate immune and endothelial cell functions that could contribute to viral pathogenesis or persistence.
Hantaviruses are enveloped negative-stranded RNA viruses with a tripartite genome (50) . Hantaviruses encode four proteins: a polymerase, a nucleocapsid protein, and two virion surface glycoproteins, G1 and G2, that are recognized by neutralizing antibodies. G1 and G2 are synthesized as a polyprotein which is cotranslationally cleaved during translocation into the endoplasmic reticulum. G1 and G2 contain 56 cysteines that contribute to highly ordered structures of heterodimeric lumenal domains of G1 and G2. G1 and G2 are both Cterminally anchored during translocation with short G2 (8 residues) and long G1 (142 residues) cytoplasmic tails. G1-G2 heterodimers are trafficked to the cis-Golgi, and hantaviruses bud into the lumen of the Golgi instead of at the cell surface. Virion release is consistent with a vesicular secretory process (21, 39, 40) . In contrast to the hantavirus nucleocapsid protein, G1 and G2 are expressed at low levels in infected cells and recombinant G1 proteins are also poorly expressed in a variety of expression systems (40, 49) . However, it is unclear what regulates G1 protein expression levels and what role limiting glycoprotein expression may play in pathogenesis, immunologic surveillance, or clearance of hantaviruses.
The long G1 cytoplasmic tail of HPS-associated hantaviruses contains an immunoreceptor tyrosine activation motif (ITAM) which directs its association with Src and Syk family kinases (15) . Cellular B-and T-cell receptors contain conserved ITAMs [two tandem Yxx(L/I) sequences] within their cytoplasmic tails which recruit Src and Syk family kinases and activate intracellular signaling pathways (45) . Syk interactions have also been shown to play critical roles in integrin signaling and endothelial cell functions (20, 53, 60) . Src and Syk family signaling was recently shown to be modulated by the cellular protein Cbl (19, 28, 31, (42) (43) (44) 63) . Cbl is an adapter protein that binds Src and Syk family kinases and directs their ubiquitination and degradation and as a result down-regulates cell surface receptor activation signals (23, 28, 35, (42) (43) (44) 47) .
Ubiquitination is a posttranslational protein modification that requires ATP and three different proteins, a ubiquitin activating enzyme (E1), a ubiquitin conjugating enzyme (E2), and a ubiquitin ligase (E3) (3, 17) . Briefly, free ubiquitin is recruited to E1 and transferred to E2. E2 ubiquitin conjugases bind to RING finger domains on a multitude of E3 ligases. E3 ligases specify protein targets by recruiting cellular proteins, through specific adapter domains, and by recruiting E2 conjugases that direct their ubiquitination. The polyubiquitin tag is recognized by the 26S proteasome, which unfolds and degrades the targeted protein (3, 17) . It is now clear that ubiquitination specifically regulates a variety of cellular processes, including cell cycle progression, cell signaling, and apoptosis (3). Cbl is also an E3 ligase whose role in down-regulating key cell signaling proteins has demonstrated that immune cell activation responses are also through the ubiquitin proteasome pathway (18, 42, 43, 55, 63, 66) .
In this report we show that the cytoplasmic tail of the hantavirus G1 protein is a target for polyubiquitination and that conserved tyrosines within the G1 tail direct this interaction. Deletional analysis demonstrated that the ITAM tyrosines present in HPS-associated hantaviruses are required for G1 polyubiquitination, since mutagenesis or deletion of these residues blocked G1 cytoplasmic tail ubiquitination and degradation. Mutagenesis of Y619, which is conserved in all hantaviruses, had the greatest effect on the stability of expressed G1 protein. These findings demonstrate a functional role for tyrosines within the G1 protein cytoplasmic tail in directing protein ubiquitination. The ability of the ITAM motif in NY-1V to interact with Src and Syk family kinases and the ability of ITAM tyrosines to direct G1 polyubiquitination further suggests that the G1 cytoplasmic tail may play roles in regulating immunosurveillance or modulating immune and endothelial cell signaling responses during hantavirus infection.
MATERIALS AND METHODS
Cell lines and antibodies. COS7 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% calf serum, 0.2 mM glutamate, 50 U of penicillin per ml, and 50 g of streptomycin per ml. L40 yeast cells were grown on SC media (0.67% yeast nitrogen base without amino acids, 2% glucose, and 2 g of amino acid supplements/ml). Anti-Gal4 (SC-510) and anti-ubiquitin (SC-8017) antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.). Anti-LexA antibody (06-719) was from Upstate Biotechnology Inc.
Plasmids. A series of constructs containing deletions or mutations of the strain NY-1V G1 cytoplasmic tail ( Fig. 1 ) was C-terminally fused to Gal4 by insertion into the pBind plasmid (Promega) using G1 primers containing BamHI and XbaI restriction sites. Tyrosines 619 and 632 within ITAM and Cyto constructs were individually mutagenized to phenylalanine (FY, F619-Y632; YF, Y619-F632) by oligo-directed mutagenesis (QuickChange mutagenesis; Stratagene). Similarly, both ITAM tyrosines within the ITAM-Gal4 construct were mutated to phenylalanine (FF) by site-directed mutagenesis (Fig. 1) . For yeast expression studies, ITAM and Cyto constructs described above (Fig. 1) were inserted downstream and in frame of the LexA protein in plasmid pBTM116. NY-1V G1 primers containing BamHI and PstI restriction sites were used to generate LexA-ITAM (amino acids 611 to 651) and LexA-Cyto (amino acids 506 to 652) fusion proteins.
Yeast transformation and protein expression. Transformation of L40 yeast cells was performed by the lithium-acetate method (2, 48) . Ten micrograms of transforming DNA and 50 g of salmon sperm DNA (boiled prior to use) were used for transformation. Transformants were resuspended in the end in 300 l of YPD (1% yeast extract, 2% peptone, 2% glucose) and were incubated 2 to 3 days at 30°C on trp Ϫ plates. Colonies were picked and grown in 5 ml of trp Ϫ SC media (0.67% yeast nitrogen base without amino acids, 2% glucose, and a 2-g/ml concentration of amino acid supplements without tryptophan) overnight at 30°C with shaking to saturation. Approximately 10 8 cells were pelleted from cultures, supernatants were removed, and pellets were resuspended in 50 l of sodium dodecyl sulfate (SDS) loading buffer with equal amounts of glass beads and vortexed for 5 min. Samples were boiled for 5 min, spun for 5 min, and resolved Transfection. COS7 cells were transfected by using an enhanced calcium phosphate method as previously described (34) . COS7 cells (5 ϫ 10 5 ) were plated at 40 to 50% confluency in 6-well plates and were transfected for 16 h with a constant amount of plasmid DNA (5 to 10 g). Medium was replaced, and cell lysates were collected 36 to 48 h posttransfection. Where indicated, 24 h after transfection the proteasome inhibitor ALLN (Calbiotech) was applied to cells at a final concentration of 25 M overnight.
Immunoprecipitation and Western blots. Cells were lysed in 0.1% NP-40 lysis buffer for immunoprecipitation and were clarified by centrifugation (46) . Lysates were precleared with protein A/G, incubated with indicated antibodies for 2 h or overnight at 4°C, and precipitated with protein A/G agarose. Immunoprecipitated proteins were separated by SDS-10% PAGE and were transferred to nitrocellulose for Western blotting. Western blot analysis was performed as previously described with indicated antibodies (10, 46) and was developed with species-specific horseradish peroxidase-conjugated antibodies (Amersham Pharmacia Biotech) (1:2,000 dilution in 2% bovine serum albumin and TBST [10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20]). Proteins were detected by chemiluminescence using the ECL reagent (Amersham Pharmacia Biotech).
Ubiquitin labeling. To detect ubiquitinated proteins we used a 6-His-tagged ubiquitin method (5) . COS7 cells were transfected as described above with 2 g of G1 plasmid DNA in the presence or absence of 1.25 g of the pMT107 plasmid, expressing ubiquitin with 6 histidines at its N terminus (gift of D. Bohmann, University of Rochester). Media were replaced, and 36 h posttransfection cells were harvested and 6-His-tagged proteins were precipitated by using nickel-nitrilotriacetic acid (NTA)-agarose (Qiagen) as previously described and were Western blotted as described above (5).
Pulse-chase analysis of G1 fusion proteins. COS7 cells were transfected with ITAM or ⌬C51 constructs (10 g per 30-mm-diameter dish) as described above. Where indicated, 24 h posttransfection the proteasome inhibitor ALLN was applied to cells at a final concentration of 25 M overnight. Cell monolayers were washed twice with phosphate-buffered saline and were starved of methionine and cysteine by incubation for 1 h at 37°C in methionine/cysteine-free Dulbecco's modified Eagle medium (Gibco/Invitrogen). Cellular proteins were pulse labeled with 400 Ci of [
35 S]Translabel (ICN) for 1 h at 37°C. Media were removed, and cells were washed twice with PBS and were chased with Dulbecco's modified Eagle medium (containing 2 mM methionine and cysteine) for indicated times. Cells were collected and lysed in a solution of 20 mM Tris-HCl (pH 7.6), 150 mM NaCl, 2 mM EDTA, 1% deoxycholate, 1% Triton X-100, 1ϫ protein inhibitor cocktail (P8340; Sigma Chemical). Proteins were immunoprecipitated by using anti-Gal4 antibodies, and samples were separated by SDS-PAGE, visualized by autoradiography, and quantitated densitometrically by using Adobe Photoshop.
RESULTS

Expression of hantavirus NY-1V G1 protein cytoplasmic tail in yeast.
In the course of studying G1 interactions with cellular proteins we observed that fusion of the G1 cytoplasmic tail (residues 506 to 652) to expressed proteins dramatically decreased their recombinant protein expression levels. Yeast expressing LexA or LexA-G1 fusion proteins (Cyto or ITAM; Fig. 1 ) were selected and analyzed for fusion protein expression (15) . An equal amount of total cellular protein was analyzed by SDS-PAGE and was Western blotted for LexA. Figure 2 demonstrates the low-level expression of LexA when fused to the G1 cytoplasmic tail or ITAM-containing G1 domains. These findings suggested that the G1 cytoplasmic tail might contribute to the instability and degradation of the G1 protein.
The hantavirus G1 cytoplasmic tail directs protein ubiquitination. One means by which proteins are targeted for degradation within cells is through their ubiquitination and degradation in the 26S proteasome. In this pathway, proteins are conjugated to multiple copies of ubiquitin that serve as recognition sequences for 26S proteasomal degradation (3, 17, 18) . In order to determine if the G1 cytoplasmic tail directs ubiquitination, we fused G1 cytoplasmic tails to the C terminus of Gal4 and assayed for protein ubiquitination within transfected cells. COS7 cells were transfected with Gal4-G1-ITAM and Gal4-G1-Cyto constructs, and Gal4 proteins were immunoprecipitated and Western blotted with an anti-ubiquitin antibody. Both full-length and ITAM-containing G1 cytoplasmic tail fusion proteins were polyubiquitinated, as revealed by the presence of a high-molecular-weight smear (Fig. 3, lanes 1 and 2) . In contrast, Gal4 expression alone (lane 3) did not result in the polyubiquitination of the recombinant protein. These results indicate that both the full-length G1 cytoplasmic tail and the ITAM domain within G1 directed polyubiquitination of the expressed proteins.
Proteasome inhibitor ALLN stabilizes G1 fusion protein expression. Polyubiquitinated proteins are recognized by the 26S proteasome and are degraded within cells. In order to determine if G1 fusion proteins are degraded by the proteasome, we analyzed G1 protein expression in the presence or absence of the proteasome inhibitor ALLN. COS7 cells were transfected with Gal4 or Gal4-G1-Cyto constructs along with a plasmid expressing a 6-His-tagged ubiquitin. Figure 4A (lanes 1 and 2) indicates that Gal4 is expressed in cell lysates at nearly the same level in the presence or absence of a proteasome inhibitor. In contrast, the Gal4-G1 cytoplasmic tail fusion protein was detected when cells were treated with the proteasome inhibitor but was nearly absent without ALLN (Fig. 4, lanes 3  and 4) . In Fig. 4B , ubiquitinated proteins containing 6-His tags were precipitated from lysates by using Ni-NTA resin and were Western blotted for Gal4. Comparison of Fig. 4A and B demonstrates that the majority of Gal4 present in lysates is not ubiquitinated following expression and that Gal4 is not present in polyubiquitinated forms in the presence or absence of ALLN. In contrast, the Gal4-G1 cytoplasmic tail is barely detectable in the absence of the proteasome inhibitor, while in the presence of ALLN the Gal4-G1 fusion protein is highly expressed and is present in polyubiquitinated forms. Additional bands in the ALLN-treated lanes are consistent with the sequential addition of 8.5-kDa ubiquitin monomers. These findings demonstrate that the G1 cytoplasmic tail directs poly- ubiquitination and degradation of Gal4 fusion proteins via the proteasome.
ITAM tyrosines direct G1 ubiquitination and degradation. Our findings suggested that elements within the G1 cytoplasmic tail direct protein polyubiquitination and degradation. We previously reported that the NY-1V G1 cytoplasmic tail contains two tandem YxxL sequences which form an ITAM (15) . Since the G1 ITAM directs interactions with cellular kinases that are themselves regulated by polyubiquitination and degradation, we hypothesized that ITAM tyrosines may be required for G1 ubiquitination and degradation. In order to study the role of the ITAM in polyubiquitination and degradation, we mutated ITAM tyrosines present in the G1 cytoplasmic tail (Cyto-FY, Cyto-YF) or deleted the ITAM domain entirely (⌬C51) (Fig. 1) . Figure 5A shows that mutating the first ITAM tyrosine to phenylalanine partially enhanced the stability of the Cyto-FY protein in cell lysates in the absence of the proteasome inhibitor (Fig. 5A, lane 3) . However, most of the Cyto-FY protein was still polyubiquitinated and degraded like the wild-type protein (Fig. 5B, lanes 1 to 4) . Mutation of the second ITAM tyrosine (Cyto-YF) had less of an effect on the stability of the protein or on its ubiquitination and degradation ( Fig. 5A and B, lanes 5 and 6) . In contrast, deleting the C-terminal 51 amino acids of G1 (⌬C51), removing both ITAM tyrosines, dramatically enhanced the stability of the Gal4-⌬C51 fusion protein and blocked polyubiquitination of the protein (Fig. 5A and B, lane 8) . These findings suggested that the G1 ITAM domain determines the stability of expressed G1 proteins.
In order to define the role of ITAM elements on G1 stability, we analyzed the role of tyrosines within the C-terminal G1 ITAM domain on protein ubiquitination and degradation (Fig.  6) . Mutation of the first ITAM tyrosine (ITAM-FY; Fig. 6A , lane 3) resulted in an even more dramatic enhancement of G1 protein stability in lysates than was apparent by expressing the comparable full-length cytoplasmic tail construct (Cyto-FY; Fig. 5A, lane 3) . Similarly, ALLN enhanced the stability of the ITAM-FY protein and its polyubiquitination (Fig. 6B, lane 4) . Although mutating the second ITAM tyrosine had little apparent effect on protein stability or polyubiquitination, mutation of both ITAM tyrosines (ITAM-FF) resulted in a dramatic effect on protein stability and polyubiquitination (Fig. 6B , lanes 3 to 6 versus lanes 7 and 8). The ITAM-FF protein was stable in cells in the absence of ALLN (Fig. 6A, lane 7) , similar to deleting the ITAM (Fig. 5) , and was not present in polyubiquitinated forms (Fig. 6B, lanes 7 and 8) . These findings indicate that ITAM tyrosines within the NY-1V G1 cytoplasmic tail direct protein ubiquitination and degradation.
Pulse-chase analysis of G1 fusion protein stability. As another measure of G1 fusion protein stability we analyzed the half-life of expressed G1 fusion proteins by pulse-chase analysis. The stability of expressed proteins was 1 and 2) or Gal4-Cyto (lanes 3 and 4) constructs simultaneously with His 6 -ubiquitin in the presence (ϩ) or absence (Ϫ) of the proteasome inhibitor ALLN. Cells were treated for 16 h with ALLN or dimethyl sulfoxide (control) and were harvested. Equivalent amounts of total protein from straight lysates (A) or samples from Ni-NTA agarose pull-downs (B) were run on SDS-PAGE gels and were Western blotted (WB) with Gal4 antibody.
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on October 15, 2017 by guest http://jvi.asm.org/ bands was used to determine the half-life of proteins (Fig. 7) . ITAM fusion proteins were degraded, with a half-life of 0.5 h, while ALLN treatment extended the half-life of the protein by at least fivefold (Ն2.5 h). Deleting the ITAM (⌬C51) resulted in a half-life of 2 h, nearly the same as that achieved by treating cells with the proteasome inhibitor. Mutations of the first ITAM tyrosine also increased the half-life of the protein by threefold, confirming above results that this tyrosine plays an important role in G1 stability (Fig. 7) . Mutating the second ITAM tyrosine had no apparent effect on the half-life of the protein. However, mutation of both ITAM tyrosines resulted in extending the protein half-life to a level identical to that of ALLN treatment of cells. Collectively these findings suggest that the downstream ITAM tyrosine contributes to the instability of the G1 fusion protein by enhancing the destabilizing effect of tyrosine 619. As a result, tyrosines 619 and 632 have synergistic effects on the stability of expressed G1 protein and contribute to rapid G1 protein turnover.
DISCUSSION
We have determined that the cytoplasmic tail of the hantavirus G1 protein directs its ubiquitination and degradation. Our findings show that NY-1V G1 ITAM tyrosines Y619 and Y632 are required for protein ubiquitination and that deletion or mutagenesis of these tyrosines stabilized expressed proteins.
In contrast, Y627, which is not part of the ITAM motif, was present in all constructs (except ⌬C51) but had no apparent effect on G1 protein ubiquitination or stability. This indicates a specific role for ITAM tyrosines in the ubiquitination and degradation of the NY-1V G1 protein and the functional importance of the ITAM motif which is conserved in all HPSassociated hantaviruses. These findings demonstrate the importance of specific tyrosine residues within the G1 protein cytoplasmic tail and provide a beginning understanding of conserved regulatory functions of hantavirus proteins within cells.
Hantaviruses have very few proteins by which they can convey a broad array of viral functions, including viral maturation and assembly, viral persistence, and viral regulation of cellular responses (49) . Hantaviruses contain four proteins: a polymerase, a nucleocapsid protein, and two virion surface glycoproteins. Outside of the role of the viral polymerase, there are only two substantial cytoplasmic proteins that are available to regulate cell signaling, the N protein and the long cytoplasmic tail of G1. Clearly these hantavirus proteins must perform multiple functions for the virus to establish persistence within its animal host, a task that is accomplished by a large number of DNA virus or retrovirus proteins. Within their hosts, hantaviruses somehow fail to initiate a disease process during infection while avoiding innate and cellular immune responses that should clear the virus from the host. Because hantaviruses infect endothelial cells as well as immune and dendritic cells, 3 and 4) , Cyto-YF (lanes 5 and 6), and ⌬C51 (lanes 7 and 8) constructs simultaneously with His 6 -ubiquitin in the presence (ϩ) or absence (Ϫ) of the proteasome inhibitor ALLN. Cells were lysed, and equal amounts of total protein from straight lysates (A) or samples from Ni-NTA agarose precipitations (B) were run on SDS-PAGE and were Western blotted (WB) with Gal4 antibody.
there are many points for hantaviruses to regulate viral clearance during infection (33, 41, 61, 65) . The fact that each hantavirus is associated with a singular primary host suggests that differences in virally regulated host proteins could limit the success of hantaviruses to selected mammals (6) . In contrast to animals, transmission of hantaviruses to humans results in two diseases as well as viral clearance from patients and the failure of viruses to establish persistence (33, 65, 67) . This suggests that tactics for cell regulation which are successful in small mammals fail in humans and instead may contribute to pathogenesis.
ITAM sequences have been associated with viral pathogenesis. The ITAM present in the simian immunodeficiency virus (SIV) Nef protein is directly associated with acute pathogenesis caused by the virus (9) . Macaques inoculated with ITAMmutated SIV variants had no clinical symptoms, whereas ITAM-containing SIV caused acute disease. The viruses replicated identically and with the same kinetics, and the Nef ITAM altered the pathogenesis of SIV regardless of the viral background (9) . It has yet to be determined whether Nefcarrying ITAMs contribute to pathogenesis through kinase regulation or ubiquitination and degradation of specific cellular proteins. Our findings that ITAMs are present only in hantaviruses associated with HPS suggest that the presence of the viral ITAM could contribute to differences in the pathogenesis of HPS-and HFRS-associated hantaviruses that lead to the high mortality rate of HPS-causing strains.
Cellular ITAM signaling elements are also present in the cytoplasmic tails of T-and B-cell receptors where they direct extracellular ligand binding signals to activate immune cells (45) . Viruses which establish persistence regulate immune cell functions by using various mechanisms, including the regulation of cellular ITAM signaling. The Epstein-Barr virus latent membrane protein 2A (LMP2A) is a prominent example of virus-regulated ITAM functions (29, 58) . Like immunoreceptors, LMP2A contains an ITAM element in its cytoplasmic tail that interacts with Src and Syk family kinases (13, 29, 51, 58) . The LMP2A ITAM is reported to be essential for providing B cells with development and survival signals required for viral success within immune cells (13, 29) . LMP2A enhances Lyn and Syk ubiquitination and destabilizes the Lyn Src family kinase (29, 58) . Within LMP2A there are at least two domains that direct kinase and ubiquitin pathway interactions, the ITAM which binds Src and Syk family kinases and PPPY motifs that bind WW domains of E3 protein ubiquitin ligases and target proteins to the proteasome (58) . Mutation of the LMP2A ITAM eliminates Syk binding and allows for B-cell receptor signaling and normal B-cell maturation, while LMP2A transgenic lines are unable to promote B-cell development (29) .
As for LMP2A, the interaction of the hantavirus G1 ITAM Here we have demonstrated that G1 ITAM tyrosines direct protein ubiquitination and degradation, suggesting that hantaviruses may similarly regulate immune and endothelial cell signaling pathways that direct cellular activation and adherence functions (15) . Unlike LMP2A, there are no PY motifs within the ITAM domain of G1 to recruit E3 ligases. Our findings are consistent with the ITAM tyrosines themselves directing the recruitment of G1 to complexes containing E3 ubiquitin ligases. Alternatively, there may be as-yet unidentified motifs within the G1 ITAM domain that recruit E3 ligases. Cellular adapter proteins have also been shown to downregulate immunoreceptor-directed ITAM signaling responses via the proteasome (42) (43) (44) . The cellular adapter proteins, src-like adapter protein-2 (SLAP-2) and Cbl, bind and target Src and Syk family kinases for degradation in the proteasome, down-regulating T-and B-cell receptor activation signals (28, 31, 32, 42-44, 47, 55, 63, 66) . Cbl is a cellular protein which recruits E2 conjugases as well as Src and Syk family kinases, thereby attenuating T-and B-cell receptor signaling responses that direct immune cell activation (1, 3, 19, (42) (43) (44) . SLAP-2 also interacts with Cbl complexes and directs the degradation of Syk family kinases cooperatively with Cbl (28) . Cbl knockout mice have hyperresponsive T-cell receptor and B-cell receptor activities, enhanced positive selection of CD4 ϩ thymocytes, and increased surface T-cell receptor levels (31, 32, 42, 47, 66) . Cells from Cbl knockout mice have elevated Lck activity and enhanced Lck and Fyn levels in T-cell lines and are defective in ubiquitinating Src family kinases (32, 42) . These findings define specific roles for Cbl in regulating T-cell receptor activation responses at multiple levels (3, 32, 42, 44, 66) . The ability of the hantavirus G1 protein to bind the Src and Syk kinases and direct protein ubiquitination suggests that HPS-associated hantavirus G1 proteins may also regulate signaling pathways which direct and modulate immune cell activation signals through Cbl-or SLAP-2-like mechanisms.
In addition to immune cell regulation, Cbl has been found to be a central regulator of cell surface receptor activation responses, regulating growth factor receptor and integrin signaling responses in addition to immunoreceptors (8, 11, 22, 26, 27, 52, 56, 57, 59, 64) . This is accomplished through the central regulation of Syk and through Cbl's ability to bind, ubiquitinate, and target vascular endothelial growth factor receptor and other growth factor receptors for degradation in the lysosome (18, 25, 30, 37, 42, 56, 62) . These findings suggest that G1 complexes with E3 ligases and Src and Syk family kinases could have broad effects on integrin-and growth factor-directed endothelial cell functions which are likely to participate in vascular permeability defects observed in HPS (4, 20, 60) . However, there is little information on hantavirus regulation of endothelial or immune cell responses or whether regulation of specific responses contributes to viral pathogenesis or persistence (14, 41, 54, 61, 65) .
Since HPS-associated hantaviruses contain ITAMs, these findings do not suggest that ITAMs are required for viral persistence and instead point to a potential role for the ITAM in HPS-specific pathogenic responses. Nonpathogenic, HPSand HFRS-associated hantaviruses all establish persistence in their hosts, and this suggests a common viral mechanism of persistence. All hantaviruses contain tyrosine 619 in their G1 cytoplasmic tails, and our findings demonstrate that this tyrosine has a dominant effect on protein ubiquitination and degradation. The role of Y619 in the ubiquitination and degradation of G1 proteins from other hantaviruses needs to be addressed in order to determine if this is a common G1 function. However, there are many potential roles for Y619 in G1. One possibility is that Y619 could specify differences in the signaling proteins recruited to the G1 tail for down regulation. Ubiquitination of G1 could also serve additional roles in hantavirus budding, as described for retroviruses (36, 38) . Unfortunately, testing many of these questions awaits reverse genetic approaches, which at this point are not established for hantaviruses but appear to be nearly complete (12) .
Further differences in cellular regulation between pathogenic and nonpathogenic hantaviruses have recently been reported. Nonpathogenic Prospect Hill virus induced early interferon responses that were not directed by pathogenic NY-1 or HTN viruses (16) . Differential cellular interferon responses between pathogenic and nonpathogenic hantaviruses suggest an active role for hantavirus proteins in regulating innate immune responses. In fact, the G1 cytoplasmic tail or the N protein might contribute to additional cell signaling regulatory responses. This could relate to the G1-directed ubiquitination and degradation of other proteins bound to additional domains on G1 or to completely unique interactions with cellular proteins.
The importance of the first YxxL in the G1 cytoplasmic tail and its conservation in all hantaviruses suggests that G1 cytoplasmic tails in general may be targets for ubiquitination and degradation and may play common roles during hantavirus FIG. 7 . Pulse-chase analysis of G1 fusion protein stability. COS7 cells were transfected with ITAM, ⌬C51, ITAM-FY, ITAM-YF, and ITAM-FF constructs. In parallel, cells transfected with ITAM constructs were treated with the proteasome inhibitor ALLN for 16 h. Samples were pulsed with [
35 S]methionine for 1.5 h and were chased for the indicated times (0, 0.5, or 1 h). Lysates of collected samples were immunoprecipitated with Gal4 antibody and were resolved by SDS-PAGE. Samples were visualized by autoradiography, and protein half-lives (T 1/2 ) were calculated by measuring and comparing band densities.
infection. The presence of a G1 ITAM that directs protein ubiquitination and degradation as well as interacts with key immune and endothelial cell kinases provides a potential role for hantavirus signaling interactions in modulating immune and endothelial cell activation responses and as determinants of hantavirus pathogenesis.
